The heterogeneous cellular composition of the mammalian renal collecting duct enables regulation of fluid, electrolytes, and acid-base homeostasis, but the molecular mechanism of its development has yet to be elucidated. The Notch signaling pathway is involved in cell fate determination and has been implicated in proximal-distal patterning in the mammalian kidney. To investigate the role of Notch signaling in renal collecting duct development, we generated mice in which Mind bomb-1 (Mib1), an E3 ubiquitin ligase required for the initiation of Notch signaling, was specifically inactivated in the ureteric bud of the developing kidney. Mice lacking Mib1 in the renal collecting duct displayed increased urinary production, decreased urinary osmolality, progressive hydronephrosis, sodium wasting, and a severe urinary concentrating defect manifested as nephrogenic diabetes insipidus. Histological analysis revealed a diminished number of principal cells and corresponding increase in the number of intercalated cells. Transgenic overexpression of Notch intracellular domain reversed the altered cellular composition of mutant renal collecting duct, with principal cells occupying the entire region. Our data demonstrate that Notch signaling is required for the development of the mammalian renal collecting duct and principal cell differentiation and indicate that pathway dysregulation may contribute to distal renal tubular disorders.
Introduction
The early events in mammalian kidney development, such as interactions between the ureteric bud and the metanephric mesenchyme, ureteric bud branching morphogenesis, and induction of glomeruli and nephrons, have been well studied (1) (2) (3) (4) . However, the development of distal portions of the ureteric bud into a specialized renal collecting duct is poorly understood. The mature renal collecting duct has at least 2 distinct cell types: principal cells and intercalated cells, which are responsible for water and sodium reabsorption and acid-base homeostasis, respectively (5-7). The failure of the ureteric bud to mature into functional collecting ducts has been known to cause renal dysplasia in humans (8) . Recently, the forkhead transcription factor Foxi1 has been reported to mediate the differentiation of intercalated cells from epithelial precursor cells and was found to act upstream of intercalated cell-specific proteins such as the solute carrier family 4 (anion exchanger) (AE1) and Pendrin (9) . However, the molecular mechanisms of collecting duct development, especially principal cell differentiation, are largely unknown in contrast to the other early events of the kidney development.
The Notch signaling pathway is an evolutionarily conserved intercellular signaling pathway, involved in cell fate determination, differentiation, and tissue-specific gene expression (10) . Recent studies have revealed that Notch signaling plays a critical role for the proximal-distal patterning in mammalian kidney development. In vitro mouse kidney organ cultures treated with γ-secretase inhibitor as well as mutant mice missing Presenilin 1 and 2 had reduced numbers of glomerular and proximal tubular epithelial cells (11, 12) . Moreover, specific inactivation of Notch2 in the metanephric mesenchyme leads to loss of proximal epithelial cells in the nephron, without affecting the ureteric bud branching morphogenesis or distal tubule development (13) . However, previous studies on Notch signaling in kidney development have investigated the development of proximal nephrons, which are derived from metanephric mesenchyme, but not the development of the renal collecting duct, which is derived from ureteric bud, even though Jag1 and Notch2 are expressed in the developing mammalian renal collecting duct (14, 15) .
In mammals, Notch signaling is initiated by interactions between the 4 Notch receptors (Notch1-Notch4) and their ligands, Deltalike-1 (Dll-1), Dll3, Dll4, Jagged-1 (Jag1), and Jag2. Recent studies demonstrated that the endocytosis of Notch ligands in the signalproducing cells is absolutely required for the initiation of Notch signaling. Two structurally distinct E3 ubiquitin ligases, Neuralized (Neur) and Mind bomb (Mib), are known to regulate the endocytosis of Notch ligands in Drosophila and zebrafish, respectively (16, 17) . In mammals, 2 Neur homologs, Neur1 (18, 19) and Neur2 (20) , and 2 Mib homologs, Mind bomb-1 (Mib1) (21) and Mib2 (22) , have been identified. Although all 4 E3 ubiquitin ligases are known to induce the endocytosis of Notch ligands in vitro, only Mib1 has an obligatory role in the activation of Jag-as well as Dll-mediated Notch signaling in mammalian development, while Neur1, Neur2, and Mib2 are dispensable (23) . Thus, genetic mutation of Mib1 is an excellent model to elucidate the role of Notch signaling in various mammalian tissues (24) (25) (26) (27) (28) .
To examine the role of Notch signaling in mammalian renal collecting duct development, we specifically inactivated the Mib1 gene in the renal collecting duct, by crossing Mib1 floxed mice (Mib1 f/f ) (23) with Hoxb7-Cre mice that express the Cre recombinase exclusively in the ureteric bud of the developing kidney (29) . In these mice (Hoxb7-CreMib1 f/f mice), Notch signaling was efficiently inactivated in the renal collecting duct. After birth, the Hoxb7-CreMib1 f/f mice suffered from nephrogenic diabetes insipidus, which is characterized by severe hydronephrosis with progressive renal papillary atrophy and excessive volumes of dilute urine. Moreover, these mutant mice also showed a sodium-wasting phenotype, suggesting that Hoxb7-CreMib1 f/f mice have defects in principal cells of the renal collecting duct. Using immunohistochemical staining, quantitative real-time RT-PCR, and transmission electron microscopy (TEM) analyses, we revealed that the Hoxb7-CreMib1 f/f mouse renal collecting duct was composed predominantly of H + -ATPaseexpressing intercalated cells. Interestingly, introduction of the Notch intracellular domain (NICD) in the Hoxb7-CreMib1 f/f mouse renal collecting duct completely reversed the altered cellular composition, and the entire collecting duct was composed of principal cells. These findings demonstrate that Mib1 regulates the Notch signaling pathway, which is required for the proper development of the mammalian renal collecting duct, especially the differentiation of epithelial precursor cells into principal cells.
Results

Disruption of Notch activation in the renal collecting duct of Hoxb7-Cre-
Mib1 f/f mice. To first examine whether Notch signaling is involved in the mammalian renal collecting duct development, we performed immunohistochemical analyses using E16.5 C57BL/6 mouse embryonic kidneys. As previously reported (14, 15) , Jag1 and Notch2 were expressed in various regions of the developing kidney, including the collecting duct ( Figure 1, A and B) . Interestingly, the fluorescent intensity of Jag1 in some collecting duct epithelial cells was higher than the intensity found in neighboring cells ( Figure 1A, arrowhead) . To examine the activation of Notch signaling in the developing renal collecting duct, we used transgenic Notch reporter (TNR) mice that distinctly express EGFP in cells with activated Notch/CBF-1 (30) . In the renal collecting duct of a newborn TNR mouse, EGFP was mostly detected in the aquaporin-2-expressing (AQP2-expressing) cells but not in the AQP2-negative cells ( Figure 1C, arrowheads) , suggesting possible implication of Notch signaling in the differentiation and/or function of AQP2-expressing collecting duct epithelial cells. Mib1, an essential E3 ubiquitin ligase for the endocytosis of Notch ligands, was also expressed in various regions of the developing kidney, including the collecting duct ( Figure 1D) .
To elucidate the function of Notch signaling in the renal collecting duct development, we inactivated Mib1 in the renal collecting duct by crossing Mib1 f/f mice, in which exons 2 and 3 of the Mib1 gene are flanked by loxP sites (23, 26) , with a transgenic mouse line that expresses Cre recombinase under the control of the Hoxb7 promoter (29) . In the E18.5 Hoxb7-CreMib1 f/f mouse embryos, Mib1 was specifically inactivated in the renal collecting duct but was retained in the other structures of nephron ( Figure 1 , E and F), which is consistent with the previous report that the Hoxb7-Cre transgenic mice specifically inactivate floxed genes along the collecting duct derived from ureteric bud (31, 32) .
The interaction of Notch receptors with their ligands leads to sequential proteolytic cleavages of the Notch receptor, which results in the release of the NICD that translocates to the nucleus and turns on the Notch target genes. Western blot analysis revealed that the generation of cleaved Notch2 intracellular domain was markedly decreased in the Hoxb7-CreMib1 f/f kidneys compared with Figure 1G ). Among the various Notch target genes, only Heyl has been reported to be expressed in the developing renal collecting duct particularly, and other Notch target genes, such as Hey1 and Hey2 are not detected in this region (14) . Quantitative real-time RT-PCR analysis showed that the expression of HeyL was significantly decreased in the medullary region of the kidney from E18.5 Hoxb7-CreMib1 f/f mouse embryos compared with that in WT littermates ( Figure 1H ). Taken together, these results show that the activation of Notch signaling is efficiently abrogated in the developing renal collecting duct of Hoxb7-CreMib1 f/f mice.
WT (Mib1 f/f ) littermates (
Severe hydronephrosis, urinary concentrating defect, and sodium-wasting phenotype in the Hoxb7-CreMib1 f/f mice. The Hoxb7-CreMib1 f/f mice were born at the expected Mendelian ratio, viable to adulthood without external abnormalities, and fertile for several months. The urinary system in most of the P0 mutant mice appeared normal ( To examine a functional defect of Hoxb7-CreMib1 f/f mouse kidneys, 24-hour urine samples were obtained by placing the mice in metabolic cages with ad libitum food and water access. As shown in Figure 2K , the Hoxb7-CreMib1 f/f mice exhibited an 8-fold increase in urine output compared with that in age-matched WT control mice (139.3 ± 31.1 μl/g of body weight for Hoxb7-CreMib1 f/f mice vs. 15.71 ± 1.34 μl/g of body weight for WT control mice; n = 5 per group). Consistently, urinary osmolality was markedly reduced in the Hoxb7-CreMib1 f/f mice (1,217 ± 62.1 mOsm/kg of H 2 O for Hoxb7-CreMib1 f/f mice vs. 2,947 ± 346 mOsm/kg of H 2 O for WT control mice; n = 5 per group; Figure 2L ). The urinary osmolality remained unchanged even after 3 hours of water deprivation in mutant mice, while it concentrated significantly in WT control mice ( Figure 2M ). These results show that the Hoxb7-CreMib1 f/f mice have a severe urinary concentrating defect.
We next examined whether the Hoxb7-CreMib1 f/f mice have urinary sodium wasting, because the increase in urine output far exceeded the reduction fold of urinary osmolality in the mutant mice. As a result, the excretion rate of urinary sodium and chloride normalized with creatinine were increased in the Hoxb7-CreMib1 f/f mice compared with WT control mice ( Figure 2N ). Because both of the urinary concentration and sodium reabsorption are closely related with the functions of principal cells (31, 33) , these results strongly suggest that inactivation of Notch signaling in the renal collecting duct may affect principal cells that lead to severe distal renal tubular defects.
Altered cellular composition in the Hoxb7-CreMib1 f/f mouse renal collecting duct. The functional defects of Hoxb7-CreMib1 f/f mouse kidney might be due to an altered cellular composition in the renal collecting duct. To assess this possibility, we performed immunohistochemical staining with antibodies raised against AQP2 and H + -ATPase as markers of the principal cells and intercalated cells, respectively. We examined very young newborn Hoxb7-CreMib1 f/f and WT littermates, before gross morphological changes of kidney had occurred. The renal collecting duct of newborn WT mice consisted of about 80% principal cells and 20% intercalated cells (80.75% ± 5.62% for principal cells vs. 19.25% ± 5.62% for intercalated cells in the cortical collecting duct, 86.84% ± 5.65% for principal cells vs. 13.16% ± 5.65% for intercalated cells in the medullary collecting duct; n = 4 per group; Figure 3 , A, C, and G), which is similar to previous reports (7) . However, the number of AQP2-expressing principal cells in the newborn Hoxb7-CreMib1 f/f mouse collecting duct was dramatically decreased, while the number of H + -ATPase-expressing intercalated cells was markedly increased (47.05% ± 4.98% for principal cells vs. 52.95% ± 4.98% for intercalated cells in the cortical collecting duct, 29.01% ± 4.26% for prin- Next, we performed quantitative real-time RT-PCR assays to measure the mRNA levels of principal cell-or intercalated cell-specific genes in the kidneys from P0 Hoxb7-CreMib1 f/f and WT littermates. The AQP water channel proteins are expressed in the kidney at distinct sites and are essential for urinary concentration. AQP1 is extremely abundant in the proximal tubule and the descending thin limb, both structures derived from the metanephric mesenchyme, but is absent in the renal collecting duct (36) . AQP2 is the predominant vasopressin-regulated water channel and is expressed exclusively in the principal cells of the connecting tubule and collecting duct (37) . AQP3 (38) and AQP4 (39) are both present in the basolateral plasma membrane of the collecting duct principal cells and represent exit pathways for water reabsorbed apically via AQP2. AQP3 is very abundant in the connecting tubule as well as the cortical and medullary collecting duct, whereas AQP4 is abundant mainly in the inner medulla (39) . First, we examined the mRNA levels of AQP1 (Aqp1) and Calbindin D-28k (Calb1), which are not expressed in the collecting ducts but in the proximal tubules and distal tubules, respectively. As a result, the mRNA levels between Hoxb7-CreMib1 f/f and WT littermates were comparable, suggesting no apparent change in tubular structures of the mutant nephron ( Figure 4A ). However, the mRNA levels of AQP2 (Aqp2), AQP3 (Aqp3), and AQP4 (Aqp4) decreased significantly in the medullary region of the Hoxb7-CreMib1 f/f mouse kidney ( Figure 4B ). The expression of vasopressin receptor type 2 (V2R) (40) , another marker of principal cells, was also decreased in the Hoxb7-CreMib1 f/f mouse kidneys compared with that in WT littermates ( Figure 4B , bottom panel), indicating that the expression of all principal cell marker genes was decreased in the medulla of Hoxb7-CreMib1 f/f kidneys.
The intercalated cells can be divided into at least 2 distinct cell types: α-and β-intercalated cells (41, 42) . The α-intercalated cells are involved in proton secretion and are present in both the cortical and medullary collecting duct, while the β-intercalated cells take part in bicarbonate secretion and are found mainly in the cortical collecting duct (43) . The α-and β-intercalated cells have 2 distinct anion exchangers, AE1 (44) and Pendrin (6), respectively. We found that the mRNA levels of α-intercalated cell marker Ae1 and β-intercalated cell marker Pendrin, as well as H + -ATPase (Atp6v1b1), increased in the Hoxb7-CreMib1 f/f mouse kidney compared with that in WT littermates ( Figure 4C) . Moreover, the expression of the forkhead transcription factor Foxi1, which mediates the differentiation of intercalated cells (9) , also increased markedly ( Figure 4C, bottom panel) .
To further reveal the identity of H + -ATPase-expressing cells, which were increased in number in the newborn mutant collecting duct, we performed TEM analysis on the 3,3′-diaminobenzidine-stained (DAB-stained) sections of medullary renal collecting duct. As a result, the H + -ATPase-expressing cells of the mutant renal collecting duct exhibited the characteristics of intercalated cells (45) , such as microvillous apex, plenty of granules and mitochondria, and dark-staining cytoplasms ( Figure 5 ). Taken together, these data show that the inactivation of Notch signaling in renal collecting duct causes the alteration of cellular composition during development and suggest the possibility that Notch signaling regulates the differentiation of principal cells.
The distal renal tubular defects of Hoxb7-CreMib1 f/f mice are due to altered differentiation of principal cells. According to the previous reports, dietary lithium treatment can downregulate the expressions of AQP2 and AQP3 as well as other proteins involved in sodium and water reabsorption in rats (46, 47) , which coincided with an increased ratio of intercalated cells to principal cells in the collecting duct (48, 49) . These reports suggest that remodeling of renal collecting duct can occur for the physiological adaptation to various abnormal conditions. Thus, to exclude the possibility that the phenotype of mutant renal collecting duct is an indirect effect of hydronephrosis after birth, we examined the cellular composi- tion of renal collecting duct from E18.5 mouse embryos. We found that the Hoxb7-CreMib1 f/f mouse embryos already had altered cellular composition of decreased principal cells and increased intercalated cells in renal collecting duct, suggesting that disrupted differentiation of principal cells is the direct effect of Mib1 deletion in the renal collecting duct ( Figure 6, A-D) . Intriguingly, the H + -ATPase proteins showed abnormal cytoplasmic accumulation in the mutant intercalated cells, while they were mainly localized in the apical membrane of WT intercalated cells ( Figure 6B ).
Defective pyeloureteral peristalsis can cause progressive renal obstruction, severe hydronephrosis, and, eventually, fatal renal failure (50) . Because the Hoxb7-Cre transgenic mouse line also deletes floxed genes in ureteral epithelium, we investigated whether the development of ureter in the P0 Hoxb7-CreMib1 f/f mice was affected. H&E staining showed that the Hoxb7-CreMib1 f/f mice had normal morphology of ureter ( Figure 6 , E and F), and layers of smooth muscle cells were developed normally compared with those in WT littermates ( Figure 6 , G and H), indicating that Mib1 is dispensable for the development of ureter and that renal defects of the Hoxb7-CreMib1 f/f mice are not due to defective ureteral development.
Because Mib1 can interact not only with Notch ligands but also the substrate DAPK, which mediates caspase-dependent apoptotic cell death (51), we investigated whether the inactivation of Mib1 affects the apoptosis of renal collecting duct epithelial cells. Immunohistochemical staining with anti-active Caspase-3 antibody revealed no apparent apoptotic cells in the renal collecting ducts of E18.5 Hoxb7-CreMib1 f/f mouse embryos as well as WT littermates ( Figure 6 , I and J), implying that Mib1 deletion does not cause aberrant apoptosis of specific cell types.
The principal cell differentiation is positively regulated by Notch signaling in the renal collecting duct. We further examined whether the phenotypic changes in the Hoxb7-CreMib1 f/f mice are caused entirely by defective Notch signaling. To compensate for the Mib1 deletion and activate Notch signaling in the renal collecting duct, we bred the Hoxb7-CreMib1 f/f mice with Rosa-NICD transgenic mice (52). In the Hoxb7-CreMib1 f/f Rosa-NICD mice, the NICD is expressed in the Mib1-deleted renal collecting duct and activates the Notch signaling constitutively. Intriguingly, the altered cellular composition of renal collecting duct shown in the Hoxb7-CreMib1 f/f mice was completely reversed in the newborn Hoxb7-CreMib1 f/f Rosa-NICD mouse kidneys; the whole renal collecting duct of the Hoxb7-CreMib1 f/f Rosa-NICD mouse was made up of AQP2-expressing principal cells. In addition, the expression of intercalated cell markers H + -ATPase and CAII was completely absent in the cortical and medullary collecting ducts (Figure 7, A-I) . Recently, epithelial precursor cells in the renal collecting duct were reported to express both AQP2 and CAII (9) , but no accumulation of such undifferentiated precursor cells in the Hoxb7-CreMib1 f/f Rosa-NICD mouse kidneys was found. Quantitative real-time RT-PCR analyses showed that the expression of Heyl and Aqp2 were dramatically increased in the Hoxb7-CreMib1 f/f Rosa-NICD mouse kidney compared with that in WT littermates, whereas the expression of Atp6v1b1 was markedly decreased ( Figure 7J ). These results show that the activation of Notch signaling in the developing renal collecting duct is critical for the differentiation of precursor cells into principal cells and that impaired differentiation into principal cells in the Mib1-inactivated collecting duct is due to defective Notch signaling.
Discussion
It is well known that proximal nephron development of the mammalian kidney, which is derived from metanephric mesenchyme, requires activation of the Notch signaling pathway (2) . However, the function and importance of Notch signaling in the development of the renal collecting duct, which is derived from the ureteric bud, have not been investigated. Here, we show that Mib1 deficiency in the developing renal collecting duct results in the inactivation of Notch signaling, which causes aberrant differentiation to principal cells. The decrease of principal cells leads to urinary concentrating defect and sodium-wasting phenotype in the mutant mice, resulting in excessive volumes of hypotonic urine and severe hydronephrosis. These results demonstrate that Notch signaling is required for the development of a ureteric bud into the functional mammalian renal collecting duct and is especially important for the differentiation of precursor cells into principal cells. In addition, we believe our study is the first report to provide direct evidence that renal collecting duct dysplasia can cause nephrogenic diabetes insipidus.
In the mature nephron, functionally distinct cell types are typically arranged in discrete tubule segments that process filtered blood sequentially, as it passes through the nephron. However, intercalated cells and principal cells are intermingled in the renal collecting duct, and the proper differentiation of these cell types is critical to ensure accurate functioning of the collecting duct, including the regulation of fluid, electrolytes, and acid-base homeostasis (53) . A recent study with mice lacking Foxi1 suggested that Foxi1 is required for the differentiation of precursor cells into intercalated cells and that Foxi1 regulates the expression of intercalated cell-specific genes, AE1 and Pendrin (9) . Nevertheless, the molecular mechanisms that regulate principal cell differentiation are unclear. In our present study, activation and inactivation of Notch signaling in the renal collecting duct led to predominant differentiation of precursor cells into principal cells and intercalated cells, respectively, suggesting that the alternative cell fate choice of these principal and intercalated cells is dependent on Notch signaling. Our results are consistent with previous studies that suggest that principal cells and intercalated cells arise from a common progenitor cell (54) (55) (56) . Moreover, because the introduction of NICD was sufficient for the differentiation of all renal collecting duct epithelium into principal cells, Notch signaling might inhibit the function of Foxi1 directly or indirectly for the proper differentiation into principal cells.
During embryonic kidney development, both Jag1 and Notch2 are expressed in the collecting duct epithelia. However, EGFP proteins in the TNR transgenic mouse kidneys were expressed in the AQP2-expressing cells exclusively, implying that Notch signaling is activated only in the principal cells. These findings are consistent with the results indicating that Notch signaling is required for differentiation into principal cells. In various vertebrate tissues, such as brain (57) , inner ear (58), skeletal muscle (59, 60) , bone marrow (61, 62) , and intestine (63, 64) , Notch signaling is transduced by the lateral inhibition mechanism during cell fate determination. Our data show that the mammalian renal collecting duct is another example of a tissue that adopts Notch-regulated lateral inhibition to achieve cell type specification.
Although Notch signaling is required to produce the heterogeneous cellular composition of principal cells and intercalated cells in the renal collecting duct, the differentiation into principal cells was not blocked completely and the severities of the phenotypes were different between the cortical and medullary collecting duct in the Hoxb7-CreMib1 f/f mice. This suggested several possibilities: (a) mosaicism of Cre recombinase expression in the Hoxb7-Cre transgenic mouse line causes incomplete loss of Mib1 in renal collecting duct; (b) AQP2-expressing cells in mutant kidneys are not mature principal cells but undifferentiated precursor cells; and/or (c) not only Mib1 but also other factors participate in the differentiation of collecting duct epithelium. First, according to previous studies with Rosa26 reporter system (29, 31) and our data, there is no evidence of mosaicism in Cre activity of Hoxb7-Cre mice. Of particular importance, complete extinction of intercalated cells in the Hoxb7-CreMib f/f Rosa-NICD mouse kidneys showed efficient gene recombination by Cre along the entire collecting duct, suggesting that this is not likely to be the case. Second, the remaining AQP2-expressing cells in the Hoxb7-CreMib1 f/f mouse kidneys were not proliferative (data not shown) and were not labeled with CAII or other intercalated cell markers; thus, as above, this cannot be a proper explanation. Third, the most probable explanation for the incomplete loss of principal cells in the Hoxb7-CreMib1 f/f mouse kidney is that other factors are involved in the process of collecting duct maturation. For example, Mib2, a paralog of Mib1, is likely to have redundant function of Mib1 in the developing kidney (22) . Indeed, the mRNA level of Mib2 was rather increased in the Hoxb7-CreMib1 f/f mouse kidney (data not shown). Further studies will be needed to determine molecular mechanisms and processes of the principal cell differentiation.
Recent studies with various mouse models of AQP2 conditional knockout or mutations have reported that polyurea alone can cause severe hydronephrosis (65) (66) (67) . For example, Lloyd and his colleagues reported that mice with an F204V mutation in the Aqp2 gene develop severe hydronephrosis as well as nephrogenic diabetes insipidus (65) . Similarly, McDill and his colleagues showed that a single-base mutation in codon 256 of Aqp2 gene causes a Ser to Leu substitution, loss of Aqp2 phosphorylation at amino acid 256, and the absence of apical accumulation of the protein. These mutant mice have no response to a vasopressin analog and produce large quantities of hypotonic urine, resulting in the severe hydronephrosis, obstructive nephropathy, renal failure, and death (66) . In the collecting duct-specific AQP2 conditional knockout mice, using the same Hoxb7-Cre transgenic mice that we used for this study, the kidneys showed progressive papillary atrophy and hydronephrosis. Collectively, like other mouse models of nephrogenic diabetes insipidus, the severe hydronephrosis of Hoxb7-CreMib1 f/f mice is presumably a consequence of an inability to cope with the extreme polyuria caused by altered principal cell differentiation, rather than obstruction of the lower urinary track or other unknown phenotypes.
Recently, the Notch signaling pathway was shown to be activated in rat kidney after acute ischemic injury (68) . The recovery from acute kidney injury requires the replacement of damaged cells with new cells to restore the integrity of the tubular epithelium. Previous reports have revealed that renal regeneration processes may redeploy certain parts of the genetic program executed during organogenesis to reestablish proper tissue function in the kidney (69, 70) . Here, we would like to point out the definitive role of Notch signaling not only in the proximal region but also in the collecting duct during kidney development. Therefore, the regulation of Notch signaling in various regions might be able to pave the way for the repair of the entire mammalian kidney.
Methods
Mice. Floxed Mib1 (Mib1 f/f ) mice were generated as described previously (23) . The Hoxb7-Cre transgenic mice were purchased from The Jackson Laboratory. Rosa-NICD and TNR mice were gifts from D. Melton (Harvard University, Boston, Massachusetts, USA) and N. Gaiano (Johns Hopkins University, Baltimore, Maryland, USA), respectively. We bred Hoxb7-CreMib1 f/f mice with Mib1 f/f mice for the most of the experiments or with Mib1 homozygous Rosa-NICD transgenic mice (Mib1 f/f Rosa-NICD) for the rescue experiment and examined the pups. All mouse lines were bred onto a C57BL/6 background (backcrossed for more than 7 generations) and maintained in specific pathogen-free conditions at the POSTECH animal facility. All animal experiments were approved by the ethical committees at POSTECH.
Histology, immunohistochemistry, and Western blot analysis. The mouse kidney tissues were fixed in 4% paraformaldehyde overnight at 4°C, paraffin embedded, sectioned (thickness, 4 μm), and stained with H&E. Paraffin sections were incubated with rabbit anti-Mib1 (a gift from J. Peng, Emory University, Atlanta, Georgia, USA); goat anti-AQP2, rabbit anti-H + -ATPase, and mouse anti-CAII (Santa Cruz Biotechnology Inc.); mouse anti-SMA (Neomarkers); and/or rabbit anti-active Caspase-3 (BD Biosciences -Pharmingen) antibodies and then were visualized with Alexa 488-or Alexa 594-conjugated secondary antibodies (Invitrogen). Newborn mouse kidneys were prepared and visualized as described in Supplemental Methods. For frozen sections, embryonic and newborn mouse kidney tissues were fixed in 4% paraformaldehyde for 2 hours at 4°C and embedded in an optimal-cuttingtemperature compound for sectioning (thickness, 15 μm). Frozen sections were immunostained with rabbit anti-Jag1 and rabbit anti-Notch2 (Santa Cruz Biotechnology Inc.) and/or rabbit anti-EGFP (Invitrogen) antibodies. Protein extraction and Western blot analyses were performed as described previously (21) . Rabbit anti-activated Notch2 antibody (Abcam) was used.
Urine measurements. Twenty-four-hour urine samples were obtained by placing the mice in specially designed mini-metabolic cages (Natsume Seisakusho), which register urine volume and measure urine osmolarity (Vapro 5520; Wescor). Three-hour urine samples were obtained from mice with no access to the water (water deprivation hours, 8:00 AM ~ 11:00 AM). Control 3-hour urine samples were obtained from the same mice, on a subsequent day when mice had free access to water (n = 6 per group).
TEM. Sections of 2% paraformaldehyde-lysine-periodate-fixed (PLP-fixed) tissue were cut at 50 μm transversely through the kidney, using a vibratome, and were processed for immunohistochemistry, using an indirect immunoperoxidase method. All sections were washed 3 times for 15 minutes in PBS containing 50 mM NH4Cl. Before incubation with the primary antibodies, the sections were incubated for 4 hours with PBS containing 1% BSA, 0.05% saponin, and 0.2% gelatin (solution A). The tissue sections were then incubated overnight at 4°C, with antibodies directed against H + -ATPase (1:1,000) or AQP2 (1:800) diluted in solution A. After several washes in PBS containing 0.1% BSA, 0.05% saponin, and 0.2% gelatin (solution B), the tissue sections were incubated for 2 hours in horseradish peroxidase-conjugated donkey anti-rabbit IgG FaB fragment (Jackson ImmunoResearch Laboratories Inc.) diluted 1:100 in PBS containing 1% BSA (solution C). The tissues were then rinsed, first in solution B and then in 0.05 M Tris buffer (pH 7.6). To detect horseradish peroxidase, the sections were incubated in 0.1% DAB in 0.05 M Tris buffer for 5 minutes. Then, H2O2 was added to a final concentration of 0.01%, and the incubation was continued for 10 minutes. The sections were washed 3 times with 0.05 M Tris buffer and postfixed with 1% glutaraldehyde and 1% osmium tetroxide in 0.1 M phosphate buffer, before being dehydrated and mounted in Poly/Bed 812 resin (Polysciences) between polyethylene vinyl sheets. Ultrathin sections were stained with uranyl acetate and photographed using a transmission electron microscope (JEOL 1200EX).
Morphometric analysis. The number of specific marker-labeled cells in the cortex and medulla was counted. In a view field at a magnification of ×200 (in cortex) or ×400 (in medulla), the total number of cells in the AQP2-stained collecting ducts was counted using the nuclear stain, Hoechst 33342 (Invitrogen), and the number of AQP2-expressing cells and H + -ATPaseexpressing cells were counted. The cells in at least 25 tubuli of the cortex and 40 tubuli in the medulla were counted for each animal. Three WT and three Hoxb7-CreMib1 f/f mouse kidneys from separate animals were used.
Quantitative real-time RT-PCR. Newborn mouse kidney tissues were dissected into the cortical and medullary fractions and RNAs were extracted using the RNeasy Micro kit (Qiagen) according to the manufacturer's instructions. The RNAs were converted into cDNAs using the Omniscript kit (Qiagen). Quantification of cDNAs from specific mRNA transcripts was accomplished by quantitative real-time RT-PCR (Bio-Rad) using SYBR Green technology (Quantitect SYBR Green PCR kit; QIAGEN) as described previously (71) . β-Actin was used as an internal control. Primer sequences are shown in Supplemental Table 1 .
Statistics. All values are given as mean ± SD. Statistical comparisons were made by 2-tailed Student's t test. For the water deprivation test, 2-tailed paired Student's t test was used. A P value of less than 0.05 was considered to be statistically significant.
